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Abstract
■ Maintaining spatial orientation while travelling requires in-
tegrating spatial information encountered from an egocentric
viewpoint with accumulated information represented within
egocentric and/or allocentric reference frames. Here, we report
changes in high-density electroencephalographic (EEG) activity
during a virtual tunnel passage task in which subjects respond to
a postnavigation homing challenge in distinctly different ways—
either compatible with a continued experience of the virtual en-
vironmentfromasolelyegocentric perspectiveorasifalsomain-
taining their original entrance orientation, indicating use of a
parallel allocentric reference frame. By spatially filtering the
EEG data using independent component analysis, we found that
these two equal subject subgroups exhibited differences in EEG
power spectral modulation during tunnel passages in only a few
cortical areas. During tunnel turns, stronger alpha blocking oc-
curred only in or near right primary visual cortex of subjects
whose homing responses were compatible with continued use
of an egocentric reference frame. In contrast, approaching and
during tunnel turns, subjects who responded in a way compati-
ble with use of an allocentric reference frame exhibited stronger
alpha blocking of occipito-temporal, bilateral inferior parietal,
and retrosplenial cortical areas, all areas implicated by hemo-
dynamic imaging and neuropsychological observation in con-
struction and maintenance of an allocentric reference frame.
We conclude that in these subjects, stronger activation of retro-
splenial and related cortical areas during turns support a contin-
uous translation of egocentrically experienced visual flow into an
allocentric model of their virtual position and movement. ■
INTRODUCTION
The ability to build and maintain an accurate spatial repre-
sentation of our environment is a prerequisite for main-
taining spatial orientation, a complex task that involves
use of distinct reference frames differing in their primitive
parameters (Klatzky, 1998). Orienting using an egocentric
reference frame integrates perceptual impressions gath-
ered from a first-person perspective relative to the posi-
tion and heading of the navigator. Orienting using an
allocentric reference frame requires transformation of
these egocentrically received impressions into a map-like
representation incorporating angular and metric relation-
ships that may be independent of the navigatorʼs heading.
During real-world navigation, information in both ego-
centric and allocentric reference frames may be inte-
grated into a coherent representation of the environment,
and the location and heading of the navigator within it
(Bremmer, Schlack, Duhamel, Graf, & Fink, 2001; Andersen,
Snyder, Bradley, & Xing, 1997). Predominant use of and
reliance on one or the other of these reference frames
can be influenced by the perspective from which the en-
vironment is experienced (e.g., from ground level or
from an aerial viewpoint) (Shelton & Gabrieli, 2002). In-
dividual proclivities also strongly affect this weighting
(Gramann, al Sharkawy, & Deubel, in press; Bohbot,
Lerch, Thorndycraft, Iaria, & Zijdenbos, 2007; Etchamendy
&Bohbot,2007;Gramann,Muller,Schonebeck,&Debus,
2006; Gramann, Muller, Eick, & Schonebeck, 2005).
The brain dynamics accompanying spatial orienting
and navigation may be investigated using electroence-
phalographic (EEG) activity. Sufficient analyses of EEG
data can reveal detailed information about macroscopic
scale cortical processes across a wide range of time scales
and frequencies. Invasive investigations of cortical field
potentials during active spatial orienting in rodents typi-
cally reveal prominent modulations of (4–12 Hz) theta
band power, demonstrating correlations between theta
phase and the location of an animal in a place field
(OʼKeefe & Burgess, 1999). The discovery of place cells
in epileptic patients (Ekstrom et al., 2003) exhibiting simi-
lar dynamics in the human (4–8 Hz) theta band supports
the assumption that allocentric representations are sup-
portedbyhumanhippocampus.Reportsthathumantheta
band power recorded from the cortical surface is modu-
lated during navigation in epileptic patients undergoing
invasive monitoring (Caplan, Madsen, Raghavachari, &
Kahana, 2001; Kahana, Sekuler, Caplan, Kirschen, &
Madsen, 1999) motivated noninvasive EEG studies that
also revealed increased theta activity during simulated navi-
gation in healthy subjects (Bischof & Boulanger, 2003;
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de Araujo, Baffa, & Wakai, 2002). Moreover, modulation
of alpha band (8–13 Hz) activity has been observed dur-
ing navigation, dependent on the complexity of T-mazes
(Caplan et al., 2001), and during route planning periods
(de Araujo et al., 2002), with increases or decreases in
alpha activity interpreted as damping of cortical excitabil-
ity or increased readiness of cortical source domains to
process incoming information, respectively (Pfurtscheller,
2001).
However, none of the studies examining spatial orient-
ing have examined differences in brain dynamics dependent
on the reference frames used by subjects during naviga-
tion. Previous work on spatial navigation suggests that
subjects spontaneously adopt different strategies based
on either an egocentric or an allocentric reference frame
(Gramann et al., in press; Seubert, Humphreys, Muller, &
Gramann, 2008; Etchamendy & Bohbot, 2007; Gramann
et al., 2005, 2006; Bohbot, Iaria, & Petrides, 2004). Here,
we compare high-density EEG data recorded during simu-
lated passages through virtual tunnels including a single
bend to the left or to the right to study the brain dynamics
patterns supporting subjectsʼ proclivities to use different
reference frames during navigation. Specifically, we inves-
tigated whether subject selection of an egocentric or an
allocentric reference frame to choose their homing direc-
tion was associated with group differences in EEG brain
dynamics on a subsecond scale, using spatial filtering of
EEG data by independent component analysis (ICA) fol-
lowed by time–frequency analysis.
EXPERIMENTAL METHODS
Tunnel Task
Previously, the first author and colleagues reported strik-
ing results from a virtual tunnel navigation task that pro-
duces sharp differences in the homing directions selected
by subjects after passing through a virtual tunnel with one
turn (Gramann et al., 2005, 2006). The tunnel simulation
provides the navigator with sparse visual flow information
on translational and rotational changes through the rate
and direction of optic flow. During the passage, subjects
are asked to keep track of their position with respect to
their starting position. After a passage, subjects select or
aimascreenimageofa3-Dhomingarrowsothatitpoints
back toward the implied virtual position of the tunnel en-
trance. A demonstration of the task is available on-line
(sccn.ucsd.edu/∼klaus/tunnel.html).
The surprising results of this behavioral test strongly
suggest that normal adult subjects spontaneously adopt
different spatial reference frames in determining the
homing direction, possibly reflecting differences in their
use of spatial reference frames during tunnel passages
as well. Specifically, the response choices made by about
half of all subjects tested are compatible with mainte-
nance of their heading during the last tunnel segment.
The responses of the other half of the subjects are com-
patible with either a resumption or a continuation of the
heading in which they first entered the tunnel. The
choice of the first group is compatible with their predom-
inant and continued use of an egocentric reference
frame during the (egocentrically experienced) tunnel pas-
sages. The choice of the second group suggests that they
also may build an allocentric model of the implied 3-D
virtual environment during tunnel passages, a model in
which they maintain their original heading, even when
(e.g., during and after turns) this deviates from their per-
ceived movement direction (Gramann et al., 2005).
In the present experiment, animations of passages
through virtual tunnels consisting of five 3450-msec seg-
ments were shown by a projector (Sanyo PLC-XU47)
above the observerʼs head on a 150 cm × 150 cm white
screen, occupying 41° of their visual field. All tunnels be-
gan with two straight segments, followed by one turning
segments to the left or right with different acute angled
turns, and finally, two further straight segments.
Subjects
Thirty volunteer participants recruited from the academic
community in Munich, Germany, took part in the experi-
ment. Because of the imperfectly understood nature of
sex differences in spatial navigation (Gron, Wunderlich,
Spitzer, Tomczak, & Riepe, 2000; Sandstrom, Kaufman,
& Huettel, 1998) and to increase statistical power, only
male subjects were recruited. From a pool of 30 subjects,
we selected for further testing 14 “nonturners,” who pref-
erentially used an allocentric reference frame in respond-
ing to the homing challenge, and 14 “turners,” who
preferentially used an egocentric reference frame to se-
lect their response (see Subject Characterization Exper-
iment below). Of these, one subject had to be rejected
from further analysis because of excessive EEG artifacts.
A l lb u tt h r e eo ft h er e m a i n i n g2 7s u b j e c t s( m e a na g e=
24 years; standard deviation = 3.2 years) were right-
handed. None of the 27 had a history of neurological or
psychiatric disorder, and each subject gave their informed
consent to participate in the study, which was approved
by the local human subject ethics committee.
Subject Characterization Experiment
In an initial subject characterization session, a week on
average before the main experiment, subjects passively
traversed tunnels with one turn of varying angle. Upon
exiting each tunnel passage, two arrows were displayed
and subjects had to decide which one of the displayed
homing arrows pointed back to the origin of the tra-
versed tunnel path. Each arrow represented the correct
homing response within an egocentric or allocentric ref-
erence frame, respectively (see Figure 1H and G). The
two alternatives differed clearly in the first trials and then
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became increasingly difficult to discriminate in later trials.
To be invited to take part in the main experiment, sub-
jects had to select one or the other homing-vector solution
in at least 75% of the trials, allowing them to be classified as
turners or nonturners, respectively.
Main Experiment
The main experimental session comprised 120 tunnel
trials. Of these, in 54 experimental trials, the tunnel con-
sisted of five segments (each of 3.45-sec duration) with a
turning middle segment. Turns produced varying final ec-
centricities of tunnel end position relative to the starting
position (15°, 30°, and 45° to the left or to the right). Each
eccentricity and direction combination was repeated nine
times,inrandomorderwithslightvariationsinfinaleccen-
tricity (SD = ±1.33°) to minimize any tendency toward
categorical perception.
At the end of each passage, after leaving the tunnel, an
image ofa three-dimensional homing arrow was displayed
with its direction adjusted to the correct answer for the
participantʼs (turner or nonturner) response mode plus
asmalladdedangulardeviation(±5°,±10°).Thesubjectsʼ
task was to indicate whether the correct homing vector
would point a bit more to the left or to the right, by press-
ing the respective left or right PC mouse button with their
right index finger. The arrow disappeared after the mouse
response. If there was no response by 3450 msec, the dis-
play went black and the next trial began.
Six filler trials were identical to the experimental trials
except that their final tunnel eccentricities were between
those of the 54 experimental trials. Filler trials were intro-
duced to avoid forming categorical expectancies of possi-
ble end positions. Another 60 trials, serving as control
trials, presented virtual passages through a tunnel consist-
ing of two straight segments only. In these trials, subjects
were instructed to watch the steady visual flow of the tun-
nelribs,andtothenpress,atrandom,oneofthetwomouse
buttons at the end of the passage upon display of the 3-D
arrow.
F
P
O
Figure 1. Schematic depiction of a passage through a tunnel with a turn to the right. The leftmost column displays snapshots of the navigatorʼs view
of (A) the first straightaway segment, (B) the following turn, here to the right, and (C) the final straightaway. Note that the illustration should not
be considered correct with respect to the proportion of straight segments and the turning segment. The final eccentricity of this tunnel is about
40° (as measured by arc DEF). The light gray heads (at D, E, and F) represent changes in the perceptual heading of turners as they pass through the
virtual tunnel (gray background). For these subjects, the perceptual and cognitive headings remain identical. The adjacent black outline heads
represent the headings of a nonturner, the larger head representing their perceptual heading and the smaller head, their cognitive heading during
the first straightaway, the turn, and the final straightaway. Note that for nonturners the perceptual heading and the cognitive heading diverge during
the turn (E). Panels (G) and (H) show sample homing arrows having the correct angular adjustment for the illustrated tunnel, (G) depicting the
homing arrow judged correct by turners, and (H) those judged correct by nonturners. Note that the homing arrow perceived as correct by turners
(G) points behind and to the right of the navigator, whereas for nonturners the correct homing arrow (H) points behind and to the left of the
navigator. Remarkably, in experiments using the tunnel task, near equal numbers of subjects respond as turners and nonturners, respectively.
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Performance Measures and Statistics
AninitialseriesofANOVAswasconductedtocheckforpos-
sibleinfluencesofthefollowingfactorsontask performance:
“direction” of the tunnel turn (left or right), “under/over”-
estimation of the homing angle, and magnitude of “error”
(5° or 10°). First, a mixed-design analysis with repeated
measures over the factors “direction” (left, right) and final
tunnel “eccentricity” (15°, 30°, and 45°), with the subject
“strategy” (turner or nonturner) as the between-subject
measure, was computed. A second comparable analysis
with repeated measures over the factors “under/over”
and tunnel “eccentricity,” with the factor “strategy” as
between-subject measure, tested the influence of over- or
underestimations of the displayed homing vector on the
percentage of correct responses. Finally, the factors tunnel
“direction” and arrow cue error “under/over” were col-
lapsed in a final 2 × 3 mixed-design analysis with repeated
measures over the factors cue angle “error” (5° or 10°) and
turn “eccentricity” (15°, 30°, or 45°), with the subjectʼsr e -
sponse “strategy” as between-subject measure.
EEG Recording
The EEG was recorded with an analog band pass from
0.016 to 100 Hz at a sampling rate of 500 Hz, using
128 Ag/AgCl electrodes positioned according to the Inter-
national 5% system (Oostenveld & Praamstra, 2001) ref-
e r e n c e dt oC z .E l e c t r o d e sw e r ec o n t a i n e di na ne l a s t i cc a p
(Falk Minow Services, Munich, Germany); scalp impedance
was brought below 10 KΩ. An additional electrode was
placed on the infraorbital ridge of the left eye to record
the vertical electrooculogram. Electrophysiological signals
were amplified and recorded via BrainAmps (Brain Prod-
ucts, Munich, Germany). A 3-D position digitizing system
(Zebris, CMS20S) was used to determine the positions on
the scalp of the 128 electrodes.
EEG Analyses
More extensive descriptions of the EEG analysis methods
can be found in the references listed in the Supplemen-
tary Notes. EEG data were re-referenced off-line to linked
mastoids. Data intervals containing extreme peak-to-peak
deflections or large bursts of electromyographic or other
noise activity were excluded from further analysis. Eye
movement artifacts did not qualify data for rejection.
Data were analyzed by custom MATLAB scripts built on
the open source EEGLAB toolbox (Delorme & Makeig,
2004) (http://sccn.ucsd.edu/eeglab). After downsampling
to 250 Hz and digitally filtering to remove frequencies
above50Hz,thedataweresubmittedtoextendedinfomax
ICA (Lee, Girolami, & Sejnowski, 1999) using the binica
function (Makeig, Jung, Bell, Ghahremani, & Sejnowski,
1997) from the EEGLAB toolbox. Default extended-mode
binicatrainingparameterswereusedwithstoppingweight
change set to 1e−7.
Component Selection
Independent component (IC) activation time series for
each subject were classified as brain activity or nonbrain
artifacts by visual inspection of their activation spectra,
time courses, and scalp topographies. An equivalent cur-
rent dipole model was then computed for each brain
IC scalp topography using a four-shell spherical head
model implemented in the DIPFIT toolbox (Oostenveld
& Oostendorp, 2002). ICs with bilaterally distributed
scalp maps were fit with a dual equivalent dipole model
with a positional symmetry constraint. ICs with equiva-
lent dipole models whose computed projection to the
scalp electrodes accounted for less than 85% of actual
IC scalp map variance and ICs with model equivalent di-
pole(s) located outside the head sphere (e.g., those ac-
counting primarily for scalp or neck muscle activities)
were excluded from further analysis. This selection pro-
cedure produced an average of 19 localizable brain ac-
tivity ICs per subject (range: 8 to 26), accounting, on
average, for 80.16% (standard deviation = 11.51%) of
the EEG variance remaining after clear eye movement,
electrocardiographic, and scalp muscle artifact ICs were
removed from consideration.
Component Power Spectra and Event-related
Spectral Perturbation
After decomposition, the data were separated into over-
lapping epochs of 4450 msec (the duration of one tunnel
segment, plus 500 msec pre- and 500 msec poststimulus
time window). Each single-trial tunnel segment IC time
series was transformed into a spectrographic image using
three-cycle Morlet wavelets in a frequency range between
2 and 50 Hz. Spectrographic images were composed
into mean event-related spectral perturbation (ERSP)
images by converting to log power, averaging trials for
each segment, and then subtracting mean log power from
a 3450-msec baseline interval drawn from the middle por-
tion of straight control trial tunnels (Makeig, 1993). Con-
catenating the resulting ERSP images revealed mean
event-related changes in spectral power in narrow-band
frequency bins through the whole time course of tunnel
passage. The log spectral baseline used for the arrow
cue and response interval ERSPs was the ERSP for the
arrow cue and random-response period in the control
trials.
Independent Component Clustering
IC clustering across subjects was based on mean IC log
spectra, event-related potentials (ERPs), scalp maps,
equivalent dipole locations, ERSPs, and intertrial coher-
ence for each selected IC from each subject. These mea-
sures were compressed by principal component analysis
(PCA) into a single 25-dimensional cluster position vec-
tor for each IC after each measure (save dipole location)
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was first reduced to its 10 principal components (PCs).
The equivalent dipole location measure was inherently
three-dimensional but, to compensate, was multiplica-
tively weighted by a factor of 15. ERSP PCs were weighted
by 4; other measures (spectrum, ERP, intertrial coher-
ence, and scalp topography) were given a weight of 1. Fi-
nally, all this PCA-reduced joint measure information was
combined into a single matrix of size 25 by ICs, whose di-
mensionality was then further reduced to 10 principal di-
mensions by PCA. ICs were then clustered using a K-means
clustering algorithm applied to the matrix of IC-pair dis-
tances in this cluster position space, as implemented in
EEGLAB. ICs whose distance to any cluster centroid in
joint measure space was larger than three standard devia-
tions from the mean were removed from the analysis.
The number of clustered brain ICs in turners and non-
turners (24.1 per subject in both groups) did not differ
significantly [F(1, 25) = 2.02, p > .167], nor did the num-
ber of ICs contributed by turners and nonturners to the
25 clusters [Group by Cluster interaction: F(24, 600) =
1.04, p > .410].
ERSP Statistics
Significant changes ( p < .001, uncorrected for multiple
comparisons) in mean power from the mean spectral
baseline for each component over the time course of tun-
nel passages were computed using bootstrap resampling
(Delorme & Makeig, 2004). Nonsignificant time–frequency
points were masked with zero values in the mean ERSPs.
Grandmeansacross subjects ofthese significance-masked
ERSPs were then further masked for significance using a
binomial test based on the computed permutation prob-
ability (with respect to p = .001) at each time–frequency
point(Onton,Delorme,& Makeig,2005).To furtheravoid
false positives from multiple comparisons, effects in the
grandmeanERSPsthatweresignificantatonlyafewneigh-
boring voxels were not interpreted.
Group-difference ERSP Computation
To allow for detection of differences in ERSP features be-
tweenturnersandnonturners,itwasnecessarytofrequency-
normalize all subject IC spectrograms according to their
respective mean peak alpha frequencies. This process was
accomplished by linearly scaling individual IC frequency-
bin centers to set the mean peak alpha frequency of the
baselinepowerspectrum(duringcontroltunnelpassages)
to 10 Hz. In this way, all peak alpha frequencies across
components (with spectral peaks in the range 7.5–12 Hz)
were stretched/squeezed to a nominal 10 Hz, and thus,
any associated harmonics to 20 Hz, 30 Hz, etc. The
frequency-adjusted IC spectra were then reinterpolated
to a common vector of nominal frequency bins between
3 and 45 Hz.
Mean frequency-normalized IC ERSP images were cre-
ated by subtracting the mean frequency-scaled baseline
log spectrum from each latency of the mean ERSP image
and similarly frequency-adjusted experimental tunnel
segment spectrograms and then averaging over tunnel
passages. For each IC cluster, frequency-adjusted subject-
mean ERSP images were then averaged across cluster
ICs separately for turners and nonturners, respectively.
Permutation-based statistics for between-group ERSP dif-
ferences were computed by first computing surrogate
group means from sets of ERSPs drawn without substitu-
tionfromERSPsfortheentireICclusterinthesamenumbers
in which turners or nonturners, respectively, contributed
ICs to the cluster. Differences between such surrogate
group-mean ERSPs formed a surrogate ERSP difference.
At each time–frequency point, difference significance
t h r e s h o l d sw e r et a k e nt ob e0 . 0 0 1a n d0 . 9 9 9p o i n t si n
the distributions of 1500 such surrogate group-mean dif-
ferences.Time–frequencypointsintheactualgroup-mean
difference ERSPs were set to zero when their relative log
power values did not exceed either (p < .001) threshold.
Only IC clusters that exhibited a significant difference for
at least 1250 msec were considered to show a reliable
group difference.
RESULTS
Behavioral Responses
As expected from previous experiments, in all trials of the
categorization task, the participants responded in a man-
ner consistent eitherwith their spontaneous adoption of a
heading compatible with continued use during the tra-
verse of an egocentric only or of an allocentric as well as
an egocentric reference frame, respectively. Responses of
14 of the 27 participants, whose subsequently collected
EEG data were suitable for analysis, were consistent with
the predominant use of an egocentric reference frame.
These turners (see grayed cartoon heads in Figure 1D–F)
responded consistently with their having updated their
cognitive heading aligned with their visually perceived
heading change during the turn and then assumed that
the homing arrow appeared before them in the heading
in whichthey left the tunnel (Figure1F). Followinga right-
ward turn,therefore,thesesubjectsindicatedthatthetun-
nel entrance (Figure 1D) was behind them and to their
right (Figure 1G).
The other 13 participants in the EEG analysis (bold car-
toon heads in Figure 1D–F) responded to the homing ar-
row in a way consistent with their imaging viewing the
arrow appearing before them in the heading with which
they first entered the tunnel. These “head nonturner” or
“nonturner” subjects thus indicated that the entrance to
a right turning tunnel was behind them and to their left
(Figure 1H). Their assumption that the homing arrows
appeared in their original heading is consistent with the
assumption that nonturners maintained a cognitive head-
ing that, during tunnel turns and thereafter, was inconsis-
tent with the egocentrically perceived visual flow, but
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consistent with an allocentric (“bird’s-eye”-like) view of
the tunnel environment, whose principal axis was aligned
to the original heading with which they had entered the
tunnel (Figure 1D).
Overall, participants made significantly more correct
judgments [F(1, 25) = 9.514, p < .005; η
2 = .276] when
the angle of the homing arrow differed from its veridical
direction by 10° as compared to 5° (Figure 2), and for tun-
nels with the lowest (15°) eccentricity, with response ac-
curacy decreasing monotonically as tunnel eccentricity
increased [F(2, 50) = 15.371, p < .001; η
2 = .381]. No
further significant effects were observed. That turners
and nonturners had near-identical response times [main
effect group, F(1, 26) = 2.934, p > .99] suggests that non-
turners developed an allocentric spatial representation as
they passed through the simulated tunnels, rather than
reconstructing it after leaving the tunnel.
Common Brain Dynamics Accompanying Use of
Egocentric and Allocentric Reference Frames
Figure 3 presents equivalent dipole models and cluster-
mean baseline spectra (left column), and event-related
spectral dynamics (middle and right columns) for six rep-
resentative clusters of IC processes whose scalp maps
were well fit by a single equivalent dipole located within
the brain volume (Makeig et al., 2002).
Baseline power spectra (Figure 3A, left panel) com-
puted during passages through straight control tunnels
included alpha band peaks (near 10 Hz) for occipital
and parietal cluster ICs (Figure 3B–D), whereas precentral
cluster ICs (Figure 3E–F) exhibited peaks at mu activity
frequencies (near 11 and 22 Hz) and medial frontal IC
spectra (Figure 3G), a frontal–midline theta activity peak
(near 6 Hz). Figure 3A (middle and right columns) shows
five screen shots of the tunnel animation captured at
equally spaced intervals. Below them, mean ERSP images
(Makeig, 1993) show log spectral power changes from
baseline during the five corresponding tunnel segments
(middle), and following appearance of the subsequently
displayed 3-D arrow (right).
Upon tunnel entrance, a brief theta band power in-
crease (warm colors) and significant intertrial coherence
(indicating partially phase-locked theta activity and con-
comitant average ERP features, not shown) were followed
bya1-secblockingofactivityinthealphaband(near10Hz)
and at its first harmonic (20 Hz) in occipital and parietal
component clusters (Figure 3B–D). When the upcoming
tunnel turn first became visible (first dashed orange line),
and throughout the turn (up to the second dash orange
line), IC alpha activity in these clusters was again blocked
relative to the baseline condition (i.e., while passing
through the middle portions of straight control tunnels).
Similar alpha blocking during turns occurred in all the IC
clusters centered in parietal and occipital cortex (Clusters
15–18 and 20–25 in Supplementary Figures 1–6).
Followingtheturn,alphaactivity(near12Hz)abovethe
baseline peak frequency (10 Hz) increased relative to the
c o n t r o lt u n n e lb a s e l i n ei nt h eb i l a t e r a lo c c i p i t a lc l u s t e r
(Figure 3B). This pattern (alpha blocking followed by an
upward shift in peak alpha frequency) reoccurred in both
clusters as the tunnel exit (second red dashed line) came
intoview.Theappearanceofthe 3-Darrowcue(righttop)
induced another brief (and partially phase-locked) theta
complex followed, again, by alpha blocking accompanied
by an increase in alpha band activity above the roughly
10-Hz peak. In the bilateral occipital cluster, this was fol-
lowed by increased activity at the original alpha peak
frequency. The spectral dynamics for a central superior
parietal cluster (Figure 3D) were similar, though weaker
(note difference in color scales), including alpha block-
ing at the peak alpha frequency (near 10 Hz) and its first
harmonic (20 Hz).
By contrast, in clusters in or near the precentral gyrus
(BA 4), and more markedly on the right (Figure 3E),
alpha/mu activity near 11 and 22 Hz (above the baseline
peak frequency) increased, first at tunnel entrance, again
more strongly during the turn, and finally, approaching
and during tunnel exit. At the same time, low-frequency
alpha band power near 9 Hz (and 18 Hz) decreased
slightly, this blocking intensifying in the left cluster (con-
tralateral to the response hand; Figure 3F) as the tun-
nel exit approached. Following the appearance of the
arrow response cue, baseline (near 9-Hz and 18-Hz)
alpha activity in these clusters increased slightly follow-
ing a brief 11-Hz alpha power increase in the right cluster
only.
Figure 2. Percentage of correct reactions in the tunnel task as a
function of eccentricity of end position (15°, 30°, and 45°) relative to the
starting point, and over- or underestimation of the displayed homing
angle aggregated over left and right end positions and over- or
underestimations of the displayed homing angle. The black solid line
indicates 5° deviations of the displayed homing angle as compared
to the correct angular adjustment. The gray dotted line indicates 10°
deviations of the displayed homing angle as compared to the correct
angular adjustment.
6 Journal of Cognitive Neuroscience Volume X, Number YUncorrected Proof
Activity atthe baselinepeak theta frequency(near 6Hz)
increased modestly as the turn approached in a medial
frontal component cluster (Figure 3G) and then declined
to slightly below baseline during the ensuing straight-
awayandtunnelexit.About400msecaftertheappearance
of the response arrow, a brief increase in low-theta power
(strongestat3Hzorbelow)andamoresustainedincrease
in low-beta (near 14 Hz) activity appeared, followed by
another weak but sustained theta band (near 6 Hz) in-
crease beginning near 1 sec after cue appearance and
continuing for 1 to 2 sec after the mean response time
(1123 msec).
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Figure 3. Mean ERSPs for selected IC clusters during tunnel passages. (A, left) Shows baseline mean log spectra during control trials removed from
the ERSPs of six selected IC clusters (B–G). Snapshots of a representative tunnel trial at five evenly spaced time points (spaced at intervals of
3450 msec) (A, middle) and at the appearance of the response prompt (A, right). (B–G, left) Locations of model equivalent dipoles for selected
IC clusters, projected into a standard brain space, with each red sphere representing one cluster IC (or one of two bilaterally position-symmetric
dipoles for cluster C). (B–G, middle) Mean ERSP images for each of the IC clusters, revealing task-dependent changes in spectral power during
navigation at log-spaced frequencies from 3 to 45 Hz. Green indicates no significant difference in mean log power from baseline (visual stimulation
during straight segments of the control trials). Other colors show significant deviations in log power (dB) from baseline (see color bars for
scales). Vertical dashed orange lines indicate onset and offset of the period in which participants perceived the approaching and then (from 6.9 sec)
currently occurring tunnel turn. Vertical dashed red lines indicate the period during which subjects saw the tunnel exit approaching. (B) IC
cluster 23 (22 ICs from 12 turners and 9 nonturners), with the centroid located in or near right cuneus (BA 18; x = −1, y = −79, z =7 ) ;
(C) IC cluster 21 (24 ICs from 11 turners, 8 nonturners), in or near the bilateral inferior occipital gyrus at the border to the temporal lobe (BA 19/37;
x = 37, y = −70, z = −1); (D) IC cluster 17 (26 ICs, 9 turners, 10 nonturners) in or near the precuneus (BA 7; x =0 ,y = −45, z = 43); (E) IC cluster
12 (45 ICs, 12 turners, 11 nonturners) in or near the right precentral gyrus (BA 4; x = 36, y = −12, z = 49); (F) IC cluster 8 (26 ICs, 7 turners,
8 nonturners) in or near the left precentral gyrus (BA 4; x = −40, y = −13, z = 44); (G) IC cluster 1 (24 ICs, 13 turners, 9 nonturners) in or near
the right medial frontal gyrus (BA 9; x =2 ,y = 41, z = 26). See Supplemental Figures 1–6 for a description of all IC clusters.
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EEG Differences between Strategy Groups
The central question of the present investigation con-
cerned brain dynamics accompanying the use of an al-
locentric or an egocentric reference frame to integrate
perceived position and heading changes experienced
during virtual navigation. Based on imaging studies and
neuropsychological investigations, we expected differ-
ences in brain dynamics in cortical areas that are known
to support use of egocentric and/or allocentric navigation
strategies. In fact, just 5 of 30 derived IC clusters demon-
strated pronounced differences in brain dynamics de-
pending on the reference frame(s) used by the subject.
For an IC cluster located in or near the right cuneus
(Figure 4B), alpha blocking when the upcoming turn be-
came visible and then during the turn was significantly
stronger for turners who responded using an egocentric
reference frame. This alpha blocking was prolonged after
the turn and more pronounced in turners when the end
of the passage became visible. The right cuneus cluster
was the only cluster with a significantly larger spectral per-
turbation in turners. In contrast, nonturners using an
allocentric reference frame to respond demonstrated sig-
nificantly larger spectral perturbations in several fre-
quency bands of four IC clusters located in or near the
bilateral inferior occipital gyrus (Figure 4C), left and right
inferior parietal cortex (Figure 4D and E), and retro-
splenial cortex (Figure 4F), respectively. In the parietal
and occipital IC clusters, alpha blocking at the peak alpha
frequency during turns was more pronounced in non-
turners; this stronger blocking also including the first
alpha harmonic frequency. This was more pronounced
in bilateral inferior occipital cortex than in more anterior
clusters (as indicated by the scale bars in Figure 4).
The inferior occipital cluster ERSPs were significantly
different for turners and nonturners, most pronounced
approachingandduringtheturnitself; the leftinferiorpari-
etal cluster exhibited prolonged alpha blocking following
the turn, and the right inferior parietal component cluster
exhibited stronger alpha blocking preceding the turn.
Although the differences in left inferior parietal cortex
did not reach significance for long after the turn, in right
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Figure 4. Component clusters revealing significant differences for the use of an egocentric or an allocentric reference frame during spatial
navigation. Top row (A) displays the time course of a representative tunnel trial with five segments for nonturners, using an allocentric reference
frame, and for turners, using an egocentric reference frame, and for the difference ERSPs (computed by subtracting ERSP activity of turners from
ERSP activity or nonturners). Rows B to F display from left to rightmost column frequency-rescaled (i) baseline power spectrum of control trials,
(ii) ERSP activity for nonturners, (iii) ERSP activity for turners, (iv) difference ERSPs computed by subtracting ERSP activity of turners from ERSP
activity of nonturners, and (v) cluster IC equivalent dipoles projected on horizontal, sagittal, and coronal view of the standard brain for (B) a
component cluster with the cluster centroid located in or near the right inferior occipital gyrus (x = −37, y = −70, z = −1), (C) a component cluster
in or near the bilateral inferior occipital gyrus at the border to the temporal lobe (BA 19/37; x = 37, y = −67, z = −1), (D) a component
cluster located in or near the left inferior parietal lobule (BA 40; x = −30, y = −40, z = 33), (E) a component cluster located in or near the right
precuneus (x = 26, y = −47, z = 32), and (F) a component cluster located in or near retrosplenial cortex at the posterior pole of cingulate cortex
(x =1 ,y = −56, z = 10). Color coding and dashed vertical lines as in Figure 2.
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inferior parietal cortex, alpha blocking was significantly
deeper in nonturners from the very beginning of the tun-
nel passage.
Finally, alpha blocking (or “desynchronization”)i no r
near retrosplenial cortex was significantly stronger ap-
proaching and during the turn for nonturners as com-
pared to turners. Retrosplenial cluster alpha blocking
was confined to the first half of the turning segment. In
addition, the retrosplenial cluster was the only cluster in
which upper-alpha activity was stronger in nonturner sub-
jects, first after the turn and again as the exit approached.
Equivalent dipole locations for ICs in the five clusters
with significant ERSP group differences are shown in var-
ious colors in Figure 5; equivalent dipole locations for ICs
in the 25 clusters without subject group differences are
colored blue. Note the relative regional specificity of the
processes associated with strategy group differences.
DISCUSSION
Here we report task-strategy dependent differences in
spatially resolved EEG brain dynamics in a relatively wide
(3–30 Hz) frequency range during path integration in vir-
tual navigation. To our knowledge, this is the first study to
investigate differences in EEG dynamics associated with
individual differences in the use of spatial reference
frames. As expected, group differences in the preferred ref-
erence frame used by subjects to select homing responses
after navigation were, indeed, associated with group dif-
ferences in EEG dynamics during the navigation. How-
ever, although separable clusters of independent EEG
signalsduringspatialnavigationwererecordedfrommore
than 30 cortical areas, only a small subset of these distin-
guished the two subject groups using an egocentric or an
allocentric reference frame to build a spatial representa-
tion of the virtual environment during passive navigation
and then to select a homing direction after tunnel egress.
Notably, the brain areas exhibiting the group differences
are areas implicated in construction ofan allocentric model
of the environment by neuropsychologicaland hemodynamic
brain imaging studies.
EEG Spatial Resolution and ICA
Unlike hemodynamic imaging methods, high-density EEG-
based functional brain imaging using ICA spatial filtering
allowsmeasurementofmeanchangesincorticaldynamics
with high temporal and spectral resolution, while giving
spatial resolution at least sufficient, in our data, to distin-
guish 30 spatially separable clusters of brain EEG sources
across our subject population, plus several distinct classes
of nonbrainartifacts.The associationbetweencomponent
(IC) processes with maximally independent time courses
and “dipolar” scalp maps is not yet widely understood.
Ingeneral,asiswellknown,theEEGinverseproblemof
determining the source distribution giving rise to a given
scalppotentialdistributionisnotonlytechnicallychalleng-
ing but also impossible without further constraints, as any
number of self-canceling source configurations can be
added to an inverse solution to give another equally exact
solution. However, the inverse problem of determining
the origin of a single current dipole, given a dipolar scalp
map, is not underdetermined. Current dipoles are useful
for EEG source imaging because, by biophysics, synchro-
noussourceactivity acrossaclosedcorticalpatchwillhave
a projection to the scalp matching that of a nearby dipole
termed its equivalent dipole model (Scherg, 1990). Be-
causesourcelocalizationofEEGdatausingequivalentcur-
rent dipoles gives only an approximation of the actual
locations of the cortical source patches, in this report,
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Figure 5. Equivalent model dipole locations for IC clusters exhibiting and not-exhibiting ERSP differences between turner and nonturner subject
groups. Blue balls show equivalent model dipole locations of IC processes in 25 clusters without significant ERSP group differences; (green) cluster
in or near the right cuneus (Figure 4B); (orange) cluster in or near the bilateral inferior occipital gyrus (Figure 4C); (red) cluster in or near left
and right inferior parietal cortex (Figure 4D and E); (dark red) cluster in or near medial inferior retrosplenial cortex (Figure 4F).
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we refer to IC brain processes as occurring “in or near”
their equivalent dipole model locations.
The abundant occurrence (as in these data) of EEG pro-
cesses with (maximally) independent time courses and
(maximally)dipolarscalpmaps(Delormeetal.,inprepara-
tion;Makeigetal.,2004)arisesfromtheconnectivitystruc-
tureofcortex,whichhighlyfavorsshort-rangeconnections,
particularlyofinhibitoryneuronalnetworks,andpredomi-
nantly radial, spatially segregated thalamocortical connec-
tions. These cause emergent local field activity to spread
near-synchronously (for yet unknown reasons) through a
connected cortical domain or patch, a phenomenon termed
by Freeman and Barrie (2000) “phase cones,” producing
far-fieldpotentialsthatsumatthescalpsurfacewithother,
independently generated source signals, and are recorded
as EEG signals. Occasionally, independent component
processes sum synchronous activities in two cortical
patches whose field activities become tightly coupled by
direct fiber tract pathways (e.g., corpus callosum) or com-
mon inputs.
The association of ICs and dipolar scalp maps greatly
simplifies the problem of finding spatially “simple” maps
representing the projection of only one (or occasionally
two) localizable EEG source area(s). The dominant ap-
proach to the problem of finding “simple” scalp maps
hasbeentoselectscalpmapsoccurringatpeakexcursions
in average (ERP) waveforms, though after about 30 msec,
ERPs rarely sum potentials from only one source area
(Hupeetal.,2001).Findingtheactual cortical patch,given
its (nearby) equivalent dipole location, is a more techni-
cally challenging problem. However, recent results (Wipf
& Nagarajan, 2009) suggest that estimates of the actual
cortical source patches supporting IC processes may soon
become available for EEG studies that also record subject
magneticresonanceheadimages,allowingconstructionof
individual electrical head models (Akalin Acar & Makeig,
2008).
First-person EEG Brain Dynamics
Both response groups in this experiment necessarily per-
ceivedvisualtranslationandrotationinformationfromthe
same first-person perspective. Compatible with functional
imagingstudiesreportingincreasedhemodynamicactivity
in parietal and occipital areas during navigation (Wolbers,
Wiener, Mallot, & Buchel, 2007; Wolbers & Buchel, 2005;
Committeri et al., 2004; Hartley, Maguire, Spiers, & Burgess,
2003; Iaria, Petrides, Dagher, Pike, & Bohbot, 2003; Shelton
& Gabrieli, 2002; Maguire et al., 1998), this visuospatial
processing was accompanied by widespread alpha block-
ing in occipital and parietal cortex. Alpha blocking or “de-
synchronization” in visual cortical areas likely reflects
enhanced visual attention and cortical excitability during
processing of changing visual flow information at tunnel
entrances, during and approaching tunnel turns, and at
tunnel exits (Klimesch, Sauseng, & Hanslmayr, 2007;
Worden, Foxe, Wang, & Simpson, 2000). Because of the
powerofICAtoseparateongoingcorticalsourceactivities,
this may be the first article to spatially separate the dy-
namics of alpha band activities in 20 or more cortical re-
gions from noninvasively recorded EEG data. A general
inverse relationship between concurrent alpha band EEG
power and BOLD signal has also been reported by several
studies(Laufsetal.,2006;Goldman,Stern,Engel,&Cohen,
2002).However, differences in more anterior brain regions
(e.g., parietal, motor, and premotor cortex) are difficult to
explain as linked to perception of visual flow and can be
assumed to reflect brain dynamics accompanying higher
cognitive functions supporting spatial orientation, path
integration, and other aspects of task performance.
The observed activation pattern in or near superior
parietal cortex (Figure 3D) is consonant with the well-
supported role for this region in heading estimation and
spatial orienting (Hartley et al., 2003; Vogeley & Fink, 2003;
Peuskens, Sunaert, Dupont, Van Hecke, & Orban, 2001;
Maguire et al., 1998). The parallel alpha-blocking pattern
for the parietal midline IC cluster (Figure 3B) resembled
those for occipital clusters (Figure 3C, Supplementary fig-
ures), consistent with the model of optic flow as activating
the dorsal cuneus, which then distributes information to
t h ed o r s a lp a r i e t a la n do c c i p i t o - t e m p o r a la r e a st h a tp r o c e s s
different aspects of visual flow (de Jong, Shipp, Skidmore,
Frackowiak,&Zeki,1994).Thus,although occipito-temporal
alpha blocking (Figure 4B) may index the major role of MT+
inmovementprocessingandestimationofmomentaryhead-
ingdirectionfromvisualflow(Wolbersetal.,2007;Goossens,
Dukelow, Menon, Vilis, & van den Berg, 2006; Peuskens
et al., 2001; Morrone et al., 2000; de Jong et al., 1994), super-
ior parietal alpha blocking (Figure 3B) might reflect process-
ing of upcoming path information to anticipate future
heading changes (Field, Wilkie, & Wann, 2007).
Lower-frequency alpha band and beta band activity in
the left hemisphere IC cluster in or near premotor cortex
and contralateral to the right-hand subject button presses
was also blocked before and during voluntary hand move-
ments (Figure 3F), mimicking typical motor-related mu
blocking over the Rolandic regions (Pfurtscheller & Aranibar,
1979). An activity increase that is stronger in the (ipsilat-
eral) right cluster (Figure 3E), near 12 Hz during turns
and again before button presses, has not been reported,
to our knowledge, in studies of motor-related activity,
and might conceivably index activity related to saccadic
andoptokineticeyemovementsduringvisualflowstimu-
lation (Dieterich, Bense, Stephan, Yousry, & Brandt, 2003;
Petit&Haxby,1999;Brandt,Bartenstein,Janek,&Dieterich,
1998).
Finally, mean theta power increases in or near medial
frontal cortex before and during tunnel turns (Figure 3G)
likely reflect increased workload associated with spatial
integration during the turns. Medial frontal cortex at the
level of the dorsal anterior cingulate also shows task-
dependent theta power increases during increased mem-
ory demands (Onton et al., 2005) and is active during
virtual navigation tasks (Wolbers et al., 2007; Hartley et al.,
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2003; Iaria et al., 2003; Shelton & Gabrieli, 2002; Maguire
et al., 1998), possibly reflecting the engagement of pro-
cesses involving active spatial working memory. The ab-
sence, in our data, of sustained cortical theta activity
peaks in medial temporal and other cortical areas is possi-
bly related to the “passive” quality of the navigation in this
task (i.e., it involved no route planning), to the absence of
landmarks in the virtual environments, and/or to the sim-
ple path layouts in this task compared to studies reporting
cortical theta activity during navigation (Caplan et al.,
2003; de Araujo et al., 2002; Kahana et al., 1999; OʼKeefe
& Burgess, 1999). Note that there are, to date, no reports
of scalp-recorded EEG activity sources in medial temporal
areas in which theta phenomena related to naviga-
tion might be most expected. Documenting medial tem-
poral sources of scalp EEG signals would be difficult, as
it would require ruling out possible adjacent cortical
source locations.
Reference Frame-dependent EEG Dynamics
Our results demonstrate that the computation and main-
tenance of a parallel allocentric reference frame by about
half of the subjects during navigation was accompanied by
increasedEEGactivation inadistributedsetofbrainareas,
affecting a broad EEG frequency range (at least 3–22 Hz).
Followingthetunnelturn,turnerswhoperformedpathin-
tegration within an egocentric reference frame produced
stronger alpha desynchronization of IC EEG sources in or
neartherightinferioroccipitalgyrus(Figure4B)following
the tunnel turn. By contrast, nonturners who maintained
an allocentric reference frame during navigation exhibited
stronger alpha blocking preceding and during heading
changes in or near bilateral occipito-temporal cortex
(Figure 4C). This difference in alpha blocking in or near
V3 and MT+ before, during, and after tunnel turns is
consistent with an allocentric strategy-specific increase
in attention to the information processed in these areas
(Klimesch et al., 2007; Worden et al., 2000).
Thestrategy-specificattention-related activationincrease
in parietal (Figure 4D–F) cortex areas might also reflect
useofvisualimageryby thosesubjects usingan allocentric
reference frame. Increased activation in bilateral parietal
cortexwasreportedforobject-centered(vs.ego-centered)
allocation ofattention(Wilson, Woldorff, & Mangun,2005),
supporting the assumption that nonturners may imagine
the tunnel passage fromastraight-aheadorbird’s-eyeview.
Comparable forms of perspective changes can be seen in
researchonembodiment.Imagingegocentricinformation
fromaperspectiveotherthanprovidedbytheactualphys-
ical body perspective (disembodiment) is accompanied
by increased activation near the temporo-parietal junction
(Arzy, Thut, Mohr, Michel, & Blanke, 2006; Blanke, Mohr,
Michel,Pascual-Leone,&Thut,2005;Blanke,Mohr,Michel,
Pascual-Leone, Brugger, et al., 2005). Thus, the dynamic
group differences, here, in bilateral inferior parietal cortex
(Figure 4D and E) might index a more object-based, dis-
embodied processing of egocentric visual flow in the non-
turner group, although we did not debrief subjects about
their use of visual imagery and so have no direct evidence
of such as association.
Note that these EEG group differences cannot be ex-
plained by strategy-specific differences in eye movements
because spectral dynamics of ICs accounting for artifacts
produced by horizontal and vertical eye movements in
both strategy groups were comparable (see Supplemen-
tary Figure 6, and also Gramann et al., in press). Further,
eye movement ICs did not project strongly to parietal
sites, did not noticeably influence the nearly independent
posterior IC activities, and exhibited no perturbations in
alpha band power during tunnel passages. Thus, we con-
clude that individual differences in visuospatial informa-
tion processing involving use of different reference frame
strategies during path integration are associated with dif-
ferences in EEG dynamics in early visual areas (Figure 4B
and C) that inform higher stages of visual motion process-
ing and spatial orientation (Figure 4D–F). However, here
we did not look for fine temporal connections between
eye movements and posterior alpha activities, which
might exist because of their common association with
visual attention.
Strategy-specific brain dynamics were also observed in
inferior parietal cortex, most pronounced in or near the
rightprecuneus(Figure4E).Posteromedialparietalcortex
has reciprocal cortico-cortical connections with retrosple-
nial cortex (Cavanna & Trimble, 2006) and is assumed to
elaborate egocentric and allocentric spatial relationships
in concert with lateral parietal areas. Nonturners exhibited
stronger alpha blocking approaching and during turns,
when updating of heading changes within visual ego-
centered and computed allocentric reference frames was
most demanding. The functional significance of the addi-
tional blocking of low alpha band activity in nonturners is
unknown, but is at least compatible with the assumption
that the precuneus plays a major role in building and/or
maintaining concurrent egocentric and allocentric refer-
ence frame representations that support the use of optic
flow information in guiding self-motion (de Jong et al.,
1994).
Importantly, the spontaneous maintenance of an allo-
centric reference frame in nonturners was also associated
with stronger alpha desynchronization in or near retro-
splenial cortex, a cortical region implicated in translating
between reference frames (Whitlock, Sutherland, Witter,
Moser, & Moser, 2008; Byrne, Becker, & Burgess, 2007;
Wolbers & Buchel, 2005; Maguire, 2001). Here, we dem-
onstrated that construction and maintenance of an allo-
centric reference frame is associated with stronger alpha
blockinginornearretrosplenialcortexprecedinganddur-
ing heading changes (Figure 4F), when the cognitive and
the current perceived heading diverge. This phenomenon
likely reflects the transformation of the initial egocentri-
callyperceivedspatialinformationintoanallocentricrefer-
enceframe.Theobservedupperalphabandsynchronization
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(near 12 Hz) in retrosplenial cortex following heading
changes (Figure 4F, right) might reflect the inhibition of
processing further visuospatial information from a first-
person perspective to avoid interference with maintaining
two spatial reference frames (Klimesch, Doppelmayr,
Schwaiger, Auinger, & Winkler, 1999). However, the func-
tional role or roles of alpha frequency modulation within
EEG source processes is not yet clear.
In summary, our results demonstrate that advanced
EEG-based functional brain imaging using ICA-derived
spatial filtering can be used to study network dynamics
of spatial orienting and navigation. Using data-driven ICA
spatial filtering on high-density EEG data and equivalent
dipole modeling of IC source locations, we were able to
describe the task- and strategy-dependent modulation of
several frequency bands underlying computation and
maintenance of distinct reference frames on a subsecond
time scale. Also, our results show that future behavioral
and brain imaging studies of human navigation should
take into account individual subject differences in naviga-
tion approach and strategy. Our results support our con-
clusionthat preferred use ofan egocentric oran allocentric
reference frame during spatial navigation is accompanied
by differences in EEG brain dynamics in cortical areas in-
volved in integrating visual flow information with changes
in cognitive heading, and in areas associated with the
transfer of egocentrically experienced spatial information
into an allocentric reference frame.
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